It is shown that energy relaxation of infrared radiation heated electron gas results in equal and oppositely directed currents in spin-up and spin-down subbands caused by spin dependent electron-phonon interaction. In experiment on SiGe structures a pure spin current was converted into electric current by application of a magnetic field distorting the balance between the two partial currents.
Introduction
During last year spin polarized currents, spin separation like in the spin Hall effect and pure spin currents, which is not accomplished by the charge current, attracted a growing attention. It is caused by the search for tools needed for realization of the all-electric non-magnetic semiconductor spintronics. In the present paper we demonstrate that Drude absorption as well as electron ga heating due to spin dependent electron-phonon interaction results in a pure spin current. A non-equilibrium free carrier heating is accompanied by spin flow similar to spin currents induced in experiments with simultaneous one-and two-photon coherent excitation [1] or in the spin Hall effect [2, 3] .
While in our experiments we used THz radiation it is obvious that effects due to the Drude absorption may also be observed at excitation in the microwave range where the basic mechanism is free carrier absorption as well. This could link electronics to spin-optics. While 
Model
It is well known that in zinc-blende lattice based quantum well structures spin degeneracy in the band structure is removed due to bulk inversion asymmetry (BIA) or structure inversion asymmetry (SIA). This feature is crucial for spintronic allowing spin manipulation by external electric field and giving rise to various spin dependent phenomena, like e.g. spingalvanic effect, spin-Hall effect and circular photogalvanic effect. Formally removal of spin degeneracy is described by klinear terms in the Hamiltonian. While removal of spin degeneracy is well known practically unknown is the fact that in gyrotropic media also electronphonon interaction becomes to be spin dependent. Indeed due to the same arguments electron-phonon interaction also have an asymmetric part of electron-phonon interaction described by k-linear terms. In contrast to the previous examples it does not modify the single-electron spectrum but can give rise to spin dependent effects, like spin currents [4] .
Phenomenologically the asymmetric part of electron-phonon interaction is given by
Here g d is the phonon-induced strain tensor dependent on the phonon wavevector q = k' -k, E and " are the intra-and inter-band constants of the deformation potential. Spectroscopy and Material Properties responsible for pure spin current. Below the first mentioned mechanism being relevant to our experiments is sketched.
Microscopic origin of the electric current caused by an asymmetry of the photoexcitation.
One of the mechanism of pure spin-current generation in QWs is related to the asymmetry of optical excitation and requires Drude absorption of radiation. Indirect optical transitions require a momentum transfer from phonons to electrons. A spin current induced by these transitions appears due to an asymmetry of either electron-phonon or electron-photon interaction in the k-space. The asymmetry of electron-phonon interaction results in non-equal rates of indirect optical transitions for opposite wavevectors in each spin subband with Sa = 1/2. This causes an asymmetric distribution of photoexcited carriers within the subband sa and yields therefore a flow, ja, of electrons in this subband. This situation is sketched in Fig. 1 for the spin-up (s = 1/2) subband (left plate) and spin down (right plate). The single and double horizontal arrows in Fig. 1 indicate the difference in electronphonon interaction strength for positive and negative wavevectors. Currents in spin up and spin down subbands have opposite direction and therefore cancel each other because the electron-phonon asymmetry is spin-dependent and changes its sign from one band to another. The characteristic feature of this mechanism caused by optical excitation is a sensitivity to the polarization of light.
Experimental technique and samples
The measurements were carried out on SiGe QW structures MBE-grown on (001)-oriented Si-substrates. A single QW of 15 nm width was doped with Sb from one side only. For terahertz excitation we used a high power far-infrared pulsed NH3 laser optically pumped by a TEA-CO2 laser which yields strong linearly polarized emission at wavelengths between 35 and 280 gm. In addition mid-infrared radiation of C02-laser was applied. The radiation induces indirect optical transitions in the lowest conduction subband of our n-type samples.
The generation of pure spin currents was demonstrating converting of them into electric current. This is obtained by destruction of the balance between spin up and spin down currents by application of an external magnetic field. Indeed, the strength of both spin-up and spin-down current is proportional to the number of free carriers, therefore redistribution of initially equal population in both subbands results due to the Zeeman effect, in different equilibrium populations of the subbands. Described above spin currents flowing in opposite directions become non-equivalent resulting in a spin polarized net electric current.
Samples were studied in the range from liquid helium to room temperature. According to phenomenological theory spin currents excited by linearly polarized radiation and caused by asymmetry of photoexcitation dependence on the angle a between polarization plane and magnetic field direction. In order to vary this angle we placed a metal mesh polarizer behind a crystalline quartz k/4-plate. magnetic field in-plane of the QW. Figure 2 shows We thank L.E. Golub for helpful discussion. Financial support by the DFG, and the RFFI is gratefully acknowledged.
